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This  article  explores  the  potential  of  1  1<WP  low-concentration  photovoltaic  (LCPV)  system  for  commer¬ 
cial  purposes.  Real-time  analysis  of  in-house  developed  LCPV  system  shows  better  performance  than  the 
flat  panel  PV  systems.  Under  actual  test  conditions  (ATC),  the  open-circuit  voltage  (V0c)  decreases  with 
temperature  coefficient  of  voltage  «  -  0.061  V/K.  The  dynamic  resistance  is  found  to  have  a  positive 
coefficient  of  module  temperature  i.e.,  drd/dT  «  0.49  ft/ K.  The  annual  energy  generation  of  1  kWP  LCPV 
power  plant  is  envisaged  as  1747.2  kW  h/l<WP  while  the  annual  average  daily  final  yield,  reference  yield 
and  array  yield  were  3.76,  5.09  and  4.29  h/day,  respectively.  The  annual  average  daily  performance  ratio 
and  capacity  factor  are  72%  and  14%,  respectively.  The  annual  average  daily  system  losses  and  capture 
losses  are  0.57  and  0.80  h/day  correspondingly. 
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1.  Introduction 

In  the  last  decade,  solar  energy  has  emerged  as  a  promising 
resource  of  green  energy  alternative  to  non-renewable  energy 
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resources.  Solar  energy  is  probably  the  strongest-growing  electricity 
generation  technology,  demonstrating  recent  annual  growth  rates 
of  around  23%  and  worldwide  production  of  32.34  GW  in  2012 
consisting  of  both  grid-connected  and  off-grid  remote  power 
supplies  [1  .  Besides  playing  noteworthy  role  in  the  future  energy 
blend,  PV  generation  is  significantly  contributing  to  the  environ¬ 
mental  impact  of  the  electricity  supply.  PV  technology  is  one  of  the 
best  ways  to  harvest  the  solar  energy  since  PV  requires  very  little 
maintenance  and  is  capable  of  giving  output  from  microwatts  to 
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Nomenclature 

rd 

dynamic  resistance 

MPP 

maximum  power  point 

Tc 

working  temperature  of  solar  cell  (Kelvin) 

f^MAX 

maximum  power 

Rsh 

shunt  resistance 

CR 

concentration  ratio 

Rs 

series  resistance 

FF 

fill  factor 

Ns 

series  number  of  cells  in  a  PV  module 

n 

efficiency 

NP 

parallel  number  of  modules  for  a  PV  array 

Ct 

total  in-plane  solar  radiation  (W/m2) 

he 

cell's  short-circuit  current  at  25  °C  and  1  kW/m2 

Ht 

total  in-plane  solar  insolation  (kW  h/m2) 

Ki 

cell's  short-circuit  current  temperature  coefficient 

Aa 

array  area 

T  Ref 

cell's  reference  temperature 

Rso 

Series  resistance  of  one  solar  cell 

A 

solar  insolation  in  kW/m2 

RshO 

Shunt  resistance  of  one  solar  cell 

r 

reflection  coefficient  of  mirror 

Irs 

cell's  reverse  saturation  current  at  a  reference  tern- 

Subscripts 

perature  and  solar  radiation 

Eg 

band-gap  energy  of  the  semiconductor  used  in  the  cell 

deg 

degradation 

h 

cell  saturation  or  dark  current 

PV 

photovoltaic 

Q 

electron  charge  (1.6  x  10-19C) 

soil 

soiling 

A 

ideality  factor 

temp 

temperature 

Voc 

open-circuit  voltage 

STC 

standard  test  condition 

megawatts.  Solar  energy  is  effectively  utilized  in  two  ways,  i.e., 
either  by  using  it  directly  for  heating  or  cooling  of  air  and  water 
without  using  an  intermediate  electric  circuitry  (i.e.,  solar  thermal), 
or  by  converting  it  into  electrical  energy  by  using  solar  photovoltaic 
(PV)  modules.  Direct  conversion  of  solar  radiation  into  electrical 
energy  is  the  most  suitable  way  of  utilizing  solar  energy.  Among  the 
various  PV  technologies,  Si  is  one  of  the  widely  used  semiconduc¬ 
tors  for  the  fabrication  of  solar  cell.  About  80%  to  90%  of  PV  cells 
manufactured  worldwide  are  Si  wafer  based  solar  cells.  The  price  of 
electricity  generated  from  solar  cell  is  quite  high  as  compared  with 
the  conventional  electricity  price.  Further  cost  reduction  of  the  solar 
cell  is  possible  by  using  thin  c-Si  wafers  [2],  thin  film  c-Si  [3],  Si  in 
the  form  of  ribbon  [4,5],  and  concentrator  Si  solar  cell  [6,7  .  In  last 
decade  price  of  silicon  based  solar  module  is  reduced  by  a  factor  of 
1/5  making  it  more  relevant  to  develop  low-concentration  photo¬ 
voltaic's  using  these  cells. 

Concentrator  photovoltaic  (CPV)  technologies  are  usually  clas¬ 
sified  according  to  its  concentration  ratio,  i.e.,  low,  medium  and 
high  concentration  systems  [8,9  .  The  major  hindrance  in  medium 
and  high  concentration  is  as  follows: 

(A)  The  cell  temperature  increases  with  increase  in  concentration 
of  light  and  being  a  semiconductor  material  it  has  a  negative 
temperature  coefficient  of  open-circuit  voltage.  As  a  result  the 
solar  cell  loses  its  efficiency. 

(B)  Concentrating  system  uses  direct  sunlight,  so  they  require  an 
accurate  sun  tracking  system.  With  the  increase  in  concentra¬ 
tion  a  high  precision  in  tracking  and  optics  is  required  [7]. 

Low  concentration  photovoltaic  (LCPV)  systems  with  a  concen¬ 
tration  ratio  below  10  suns  present  following  advantages: 

A)  LCPV  systems  can  make  use  of  conventional  high  performance 
silicon  solar  cells  (made  for  1  sun  application  [10]) 

B)  LCPV  systems  are  less  demanding  in  terms  of  tracking  accuracy 
as  compared  to  high  concentration  systems  [11] 

Recently,  there  has  been  a  renewed  interest  in  the  low 
concentration  Si  solar  PV  systems  [12-16].  In  this  technology  the 
commercial  Si  solar  cell  is  used  under  the  concentration  of  2  suns 
to  10  suns.  The  improvement  in  performance  is  obtained  by 
reducing  the  series  resistance  of  the  solar  cell  by  using  commercial 
techniques  like  electro-deposition  of  front  metal  contacts  with 


Ag  [3].  Many  research  groups  across  the  globe  have  been  working 
on  concentration  photovoltaic  systems  with  innovative  system 
designs,  solar  PV  cell  designs,  cooling  aspects,  reflector  geometry 
optimization,  electrical  characterization,  non-uniformity  in  illumi¬ 
nation  and  performance  analysis  [16-27].  A  lot  of  work  has  been 
done  in  designing  and  analysis  of  the  low  concentration  photo¬ 
voltaic  system  (LCPV)  [28-35].  An  industrialization  potential  of 
silicon  based  concentrator  photovoltaic  system  with  an  estimated 
cost  of  $0.5/Wp  is  reported  by  Castro  et  al.  [17],  where  the  group 
uses  back  contact  solar  cells  under  100  suns.  A  detailed  review  of 
modeling  in  relation  to  low-concentration  photovoltaic  system  is 
presented  by  Zahedi  [28  .  Li  et  al.  have  studied  the  performance  of 
solar  cell  array  based  on  a  trough  concentrating  photovoltaic/ 
thermal  system  [34  .  Recently,  Schuetz  et  al.  [35]  have  reported 
design  and  construction  of  ~7  x  low-concentration  CPV  system 
based  on  compound  parabolic  concentrators.  Recently  our  group 
has  presented  design,  development  and  analysis  of  LCPV  system 
[10,31,32  .  The  present  work  is  an  extension  of  the  previously 
reported  work,  focusing  particularly  on  the  scalability  of  LCPV 
systems  for  commercial  applications  and  its  performance  analysis. 


2.  Performance  prediction  model 

2.2.  Performance  model  for  single  module 

A  solar  PV  module  is  an  integral  part  of  the  solar  power 
generation  system  which  is  made-up  of  series  connected  solar 
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cells.  Solar  cell  is  basically  a  semiconductor  p-n  junction  device 
which  directly  converts  solar  radiation  into  electricity  through 
solar  photovoltaic  effect  exhibited  by  the  p-n  junction.  When  a 
solar  PV  module  is  exposed  to  solar  radiation,  it  shows  non-linear 
current-voltage  characteristics.  The  non-linear  output  current- 
voltage  characteristic  curve  of  a  solar  PV  module  is  mainly 
influenced  by  the  solar  radiation  and  cell  temperature.  There  exist 
many  mathematical  models  for  computer  simulation,  which 
describe  the  effect  of  solar  radiation  and  cell  temperature  on 
output  current- voltage  characteristics  of  solar  PV  module  [36-38]. 

A  crystalline  silicon  wafer-based  solar  photovoltaic  (PV)  cell  of 
size  156  mm  x  156  mm  typically  produces  around  3.8  W  at  a  voltage 
of  560  mV.  These  cells  are  connected  in  series  and/or  parallel 
configuration  in  a  module  to  produce  desired  power.  The  equivalent 
circuit  of  solar  PV  module,  having  NP  numbers  of  cells  arranged  in 
parallel  and  Ns  number  of  cells  arranged  in  series,  is  shown  in  Fig.  1. 

The  terminal  equation  for  current  and  voltage  of  the  solar  PV 
array  is  mentioned  below  as  described  by  many  groups  [39-42]: 


I  =  NpIpH—NpIs 


exp 


\ns^np) 

kpTpA 


-1 


/Rsh 


Ideally  in  a  solar  PV  module  lower  series  resistance  and  very  high 
shunt  resistance  is  expected  for  higher  power  generation.  A  solar  PV 
module  mainly  consists  of  three  types  of  resistance:  series  resistance 
(Rs),  shunt  resistance  ( RSH )  and  dynamic  resistance  (rd).  The  series 
resistance,  Rs  can  be  determined  by  various  illumination  conditions 
such  as  dark,  constant  illumination  and  varying  illumination  and  they 
yield  different  results  [43].  Practically,  Rs  is  determined  by  using  two 
different  illumination  levels,  the  so-called  two-curve  method.  Shunt 
resistance,  RSh ,  can  be  obtained  from  only  one  illuminated  I-V  curve, 
or  single  curve  method.  The  output  impedance  of  solar  PV  module,  i.e., 
dynamic  resistance  is  usually  composed  of  the  series  resistance  and 
shunt  resistance  at  maximum  power  point  (MPP). 

In  order  to  estimate  the  dynamic  resistance  which  is  defined  as 
the  negative  reciprocal  of  dl/dV ,  Eq.  (1)  is  differentiated  with 
respect  to  V,  i.e., 


dl 

dV 


X 


Rs 

Np 


xexp 


When  the  load  is  disconnected  from  the  LCPV  module  and  the 
output  current  (/)  is  equal  to  zero,  Eq.  (2)  can  be  expressed  by 


dl 

NP 

dl 

Rs 

Nplsq 

1 

dV 

<. 

ii 

<: 

o 

n 

1 

NsRsh 

dV 

< 

II 

c 

o 

n 

> 

>3 

1 

kTcA 

Ns 

dl 

dV 


V  =  V0C 


X 


Rs 

Np 


xexp 


r_j_x_q 

kTcA  Ns 


Therefore  the  shunt  resistance,  RSh  can  be  derived  from  Eq.  (5): 

RsH  =  jf^-shO  (6) 

Generally,  for  the  solar  PV  modules  IPH»h,  so  in  Eq.  (1),  the 
small  diode  and  ground-leakage  currents  can  be  ignored  under  zero- 
terminal  voltage.  Therefore  the  short-circuit  current  is  approximately 
equal  to  the  photocurrent.  The  expression  for  IPH  is  given  by  Eq.  (7): 

l PH  =  [he  +  K l(T  C~T  Ref  (7) 

Where  A  =  r  x  CR  x  Global  Irradiation  in  W/m2,  r  represents  the 
reflection  coefficient  of  mirrors. 

The  photocurrent  (IPH)  mainly  depends  on  the  solar  insolation 
and  cell's  working  temperature.  The  saturation  current  of  a  solar 
cell  varies  with  the  cell  temperature,  which  is  described  by  Eq.  (8): 


qEs  {rif  tc ) 

kpA 


Reverse  saturation  current  of  the  cell  at  reference  temperature 
depends  on  the  open-circuit  voltage  (V0c)  and  can  be  approxi¬ 
mately  obtained  by  following  equation  as  given  by  Tsai  et  al.  [44]: 

Irs  =  /sc/[exp  (qVoc/NskBATc)— 1]  (9) 

The  maximum  power  output  of  LCPV  module  is  related  to  the 
Isc  and  Voc  by  following  equation: 

Pmax  =  FF  x  V0e  x  he  (10) 


The  values  of  ISe,  V0c  and  FF  can  be  determined  from  the  I-V 
characteristics  obtained  by  Eq.  (1). 

The  efficiency  of  the  LCPV  module  in  relation  with  the  PMAX  is 
given  by  following  equation 

0  =  Pmax/(A  x  X)  (11) 

A  is  the  aperture  area  of  the  PV  module  and  A  is  the  incident  solar 
radiation  (W/m2). 

The  characteristic  parameters  of  LCPV  module  i.e.,  series 
resistance  and  the  shunt  resistance  are  dependent  on  the  semi¬ 
conductor  fabrication  process  as  well  as  the  weather  condition  and 
can  be  calculated  by  Eqs.  (4)  and  (6).  Based  on  the  theoretical 
model  described  above,  the  LCPV  system  is  simulated  using 
MATLAB/Simulink. 

2.2.  Model  for  LCPV  power  plant  performance  evaluation 

The  total  daily  ( EDCd )  and  monthly  (EDCj v)  energy  generated  by 
the  LCPV  system  is  given  by  Eqs.  (12)  and  (13)  [45  , 

t  =  24 

pDC,d=  2  pDC,t  (12) 

t  =  1 


Therefore  series  resistance,  Rs  can  be  derived  from  Eq.  (3) 


RsoNp  kTcA 
Rs  =  -r r J - — p — exp 


Nc 


qh 


V 


X 


oc 


kTcA  N 


(4) 


For  short-circuit  condition  the  output  voltage  of  LCPV  module 
is  zero  so  Eq.  (2)  is  reduced  to 
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dl 

w  Rs 

Nphq 

1 

dl 
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dV 

l  —  he 

NsRsh 

dV 

l  =  he 

* Rsh 

u 

Ns 

dV 

l  =  he 

XX  m  y 

Np 

q  fhcRs\ 
kTcA  X  \  NP  ) 


FDC,m  =  2  PdC4  (13) 

d=  1 


where  N  is  the  number  of  days  in  the  month.  The  instantaneous 
energy  output  could  be  obtained  by  measuring  the  energy  gener¬ 
ated  by  the  LCPV  system  after  the  DC/DC  converter. 

The  array  yield  (YA )  is  defined  as  the  energy  output  from  a  PV  array 
over  a  defined  period  (day,  month  or  year)  divided  by  its  rated  power 
[46]  and  is  given  by  Eq.  (14)  as, 


YA  = 


Fdc 


PV ,] rated 


xexp 


(14) 
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The  daily  array  yield  {YAd)  and  monthly  average  daily  array 
yield  (YAm)  [47]  are  given  by  Eqs.  (15)  and  (16)  as  follows: 


Edc4 

PpV,  rated 


(15) 


1 


N 


Y A,m  iv  r  S  Xa,d 

n  d  =  1 


(16) 


Final  Yield,  YF 


Array  Yield,  YA 

Reference  Yield,  YR 

System  Losses,  Ls 

< 

Capture  Losses,  Lc 

Fig.  2.  Representation  of  relationships  among  normalized  parameters. 


The  final  yield  is  defined  as  the  annual,  monthly  or  daily  net  DC 
energy  output  of  the  system  divided  by  the  rated  power  of 
the  installed  PV  array  at  standard  test  conditions  (STC)  of  1  1<W/ 
m2  solar  irradiance  and  25  °C  cell  temperature.  This  is  a  repre¬ 
sentative  figure  that  enables  comparison  of  similar  LCPV/PV 
systems  in  a  specific  geographic  region.  It  is  independent  on 
the  type  of  mounting,  vertical  on  a  facade  or  inclined  on  a  roof 
and  also  on  the  location.  The  annual  final  yield  is  given  by  Eq.  (17) 
as  [48], 


Ep  c,a 

PpV,  rated 


(17) 


The  daily  final  yield  (YFd)  and  the  monthly  average  daily  final 
yield  (Yf,m)  is  given  by  Eq.  (18), 


Yfm  = 


-DC,d 


1  N 

p - and  YF,m  =  -  2  Yf4 

1  PV, rated  FI 


(18) 


d  =  1 


24  h  per  day  for  a  year  and  is  given  by  Eq.  (23)  [46]: 

YFn  EDCn  Ht  X  PR 


CF  = 


24  X  365  PpV  rated  X  8760  PPu  rated  x  8760 


(23) 


The  CF  for  a  grid  connected  LCPV  system  is  also  given  by  Eq. 

(24)  [52]: 

h/day  of  "peak  sun" 


CF  = 


24  h/ day 


(24) 


Array  capture  losses  (Lc)  are  due  to  the  LCPV  array  losses  and  is 
given  by  Eq.  (25)  [46]: 

Ec  =  Yr-Ya  (25) 


System  losses  (Ls)  are  as  a  result  of  the  inverter  and  is  given  by 

Eq.  (26)  [46]: 

Ls  =  Ya-Yf  (26) 


The  reference  yield  is  the  total  in-plane  solar  insolation 
H t(kW  h/m 2)  divided  by  the  array  reference  irradiance(l  kW/m2). 
It  is  the  number  of  peak  sun-hours  and  is  given  by  Eq.  (19)  [48]: 


_  Ht(kW  h/m2) 
R ~  l(kW/m2) 


(19) 


The  performance  ratio  (PR)  indicates  the  overall  effect  of  losses 
on  a  LCPV  array's  normal  power  output  depending  on  array 
temperature  and  incomplete  utilization  of  incident  solar  radiation 
and  system  component  inefficiencies  or  failures.  The  PR  of  a  LCPV 
system  indicates  how  close  it  approaches  the  ideal  performance 
during  real  operation  and  allows  comparison  of  LCPV  systems 
independent  of  location,  tilt  angle,  orientation  and  their  normal 
rated  power  capacity.  The  LCPV  system  efficiency  is  compared 
with  the  nominal  efficiency  of  the  photovoltaic  generator  under 
standard  test  conditions.  Performance  ratio  is  defined  by  Eq.  (20) 
as  follows  [49,50]: 


pR  =  rFys  =  Edc  GSTc 

r/ STC  Q  Ppc,STC 


Edc 

Gtr/spc 


where 


Epc 

Osys  =  and  ostc 


P  DC, STC 
AqGstc 


(20) 


(21) 


Performance  ratio  is  also  expressed  by  Eq.  (22)  [46,47,51]: 


PR  = 


Erea\ 

~F  —  ^deg^tem^soil^inv 
L  ideal 


(22) 


The  capacity  factor  (CF)  is  a  means  to  present  the  energy 
delivered  by  an  electric  power  generating  system.  If  the 
system  delivers  full  rated  power  continuously,  its  CF  would  be 
unity.  The  capacity  factor  (CF)  is  defined  as  the  ratio  of  the  actual 
annual  energy  output  to  the  amount  of  energy  the  LCPV  system 
would  generate  if  it  is  operated  at  full  rated  power  (PPVra ted)  for 


According  to  the  above  definitions  the  relationship 
among  these  normalized  parameters  is  briefly  shown  in  Fig.  2. 
One  complete  year  is  usually  used  in  analyzing  the  energy 
performance  of  the  LCPV  system.  In  this  article,  the  performance 
of  1  kW  LCPV  system  (Fig.  3)  with  a  concentration  ratio  of  3.3  sun 
is  anticipated  using  real-time  data  of  a  sub-unit  (  «  50  Wp)  of  LCPV 
system. 


3.  Development  of  a  sub-unit  of  1  kw  LCPV  system 

A  piecewise  linear  parabolic  LCPV  system  is  developed  as 
shown  in  Fig.  4.  The  effective  aperture  area  available  using 
6  mirrors  is  1  m2  and  the  effective  receiver  area  is  0.11  m2.  In  this 
LCPV  system  the  reflecting  mirrors  can  be  added  or  removed  so 
that  effective  aperture  area  can  be  changed  and  as  a  result 
concentration  ratio  can  be  varied.  The  receiver  is  made  of  a  solar 
PV  module  fabricated  by  a  string  of  thirty  four  silicon  cell  pieces 
(material:  mono-crystalline  silicon,  size:  25  mm  x  110  mm,  effi¬ 
ciency  « 19%)  cut  from  commercially  available  solar  cell.  The 
reason  behind  the  selection  of  the  specific  size  of  the 
cells  mentioned  here  is  to  solve  the  current  handling  problem  of 
the  solar  cells  under  concentration.  A  typical  solar  cell  of 
size  156  mm  x  156  mm  producing  3.8  W  at  a  voltage  of  560  mV 
would  have  a  current  handling  capability  of  around  8  A.  This 
cell,  when  used  under  5  sun  concentration  may  produce  40  A 
current  by  assuming  a  linear  relationship  between  the 
current  increment  and  concentration  ratio  (CR).  But  if  the  size  of 
the  cell  is  reduced  to  1  /5th  of  normal  size,  then  the  current 
generated  under  5  sun  concentration  would  be  less  than  or  equal 
to  8  A,  and  it  will  be  easily  handled  without  damaging  the  solar 
cell  contacts. 

The  incident  solar  radiation  is  reflected  by  the  piecewise  linear 
parabolic  trough  concentrator  (PLPTC)  and  concentrated  in  the 
focal  plane  having  width  of  110  mm.  The  receiver  is  mounted 
at  the  focal  plane  to  intercept  all  the  reflected  radiation 
from  PLPTC.  The  effective  concentration  is  dependent  on  the 
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Fig.  3.  Layout  of  1  kW  LCPV  system  for  DC  load  applications. 


Fig.  4.  The  low-concentration  photovoltaic  system  under  actual  test  conditions. 


reflectivity  of  the  mirrors  used  in  PLPTC.  In  this  case  the  reflectiv¬ 
ity  of  the  mirrors  used  is  measured  as  ~ 77 %.  A  microcontroller 
based  one  axis  tracking  system  is  developed  for  tracking  the  sun 
with  a  provision  of  manual  tracking  on  the  second  axis. 

The  experiments  were  carried  out  in  campus  of  School  of 
Solar  Energy  located  in  Gandhinagar,  India  (Lat:  23.22°,  Long: 
72.68E)  in  the  month  of  December  and  January  (Year:  2012- 
2013).  The  module  temperature  was  measured  with  digital 
thermometer  having  an  accuracy  of  +0.1  °C  on  an  hourly  basis. 
Hourly  solar  radiation  and  ambient  temperature  were  recorded 
at  the  weather  station  located  in  the  University  campus.  The 
current  and  voltage  are  measured  by  varying  load  across  the 
LCPV  module  under  the  ATC.  The  following  parameters  were 
measured  hourly  during  experiments:  ambient  temperature, 
solar  radiation,  LCPV  module  temperature,  load  current,  load 
voltage,  short  circuit  current  and  open  circuit  voltage.  During 
the  experiment,  the  module  temperature  was  maintained  in 
the  range  of  32-38  °C  by  using  continuous  water  flow  behind 
LCPV  module. 


Fig.  5.  Current-voltage  characteristics  of  LCPV  module  under  STC. 

4.  Validation  and  analysis  of  theoretical  model 

4.2.  Validation  and  analysis  of  model  under  STC  condition 

A  MATLAB/Simulink  computer  code  is  developed  using  mathe¬ 
matical  model  reported  in  Section  2  to  simulate  LCPV  system.  The 
data  generated  from  the  sub-unit  of  LCPV  system  (  «  50  W)  is  used 
to  validate  the  developed  theoretical  model  under  STC.  The  concen¬ 
trated  light  is  received  by  solar  PV  module  which  is  placed  at  the 
focal  plane  of  the  PLPTC.  To  simulate  electrical  power  generated  from 
this  PV  module,  computer  program  needs  the  value  of  series 
resistance,  shunt  resistance,  energy  band  gap,  and  number  of  cells 
connected  in  series,  number  of  strings  connected  parallel  to  each 
other,  cell  temperature,  ambient  temperature,  short-circuit  current  of 
module,  open-circuit  voltage  of  module  etc. 

In  this  LCPV  system  a  solar  PV  module  manufactured  at 
WAAREE  Energies  Pvt.  Ltd.  is  used.  The  open-circuit  voltage  and 
short-circuit  current  of  this  module  are  measured  as  Voc=  21  V 
and  /sc=l  A,  respectively,  under  AM1.5  spectrum  at  25  °C. 
This  module  consists  of  only  one  string  of  thirty  four  cells  of 
dimensions  25  mm  x  110  mm  connected  in  series.  The  current- 
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voltage  output  characteristic  of  generalized  solar  PV  module  under 
AM1.5  solar  spectrum  is  shown  in  Fig.  5.  The  simulated  current- 
voltage  characteristic  of  developed  solar  PV  module  for  the  LCPV 
system  is  in  accordance  with  the  experimental  current-voltage 
characteristics  of  this  PV  module.  In  the  simulation  short-circuit 
current,  open-circuit  voltage,  series  resistance  and  cell  tempera¬ 
ture  measured  under  standard  test  conditions  (STC)  by  manufac¬ 
turer  are  taken  as  input  parameters.  The  current-voltage 
characteristic  generated  from  simulation  program  matches  well 
with  the  experimental  current-voltage  characteristic. 

42.  Effect  of  concentration  on  static  and  dynamic  parameters 

The  proposed  model  in  Section  2  is  used  to  estimate  the  I-V 
characteristics  of  the  LCPV  module.  The  static  parameters  (7S&  V0g 
PMAX  and  Rs)  of  the  LCPV  module  are  measured  in  ATC  conditions 
as  well  as  calculated  by  the  proposed  theoretical  model.  Fig.  6 
presents  the  I-V  curve  of  a  LCPV  system  under  the  ATC.  The  test 
condition  for  one  mirror  is  given  by:  solar  radiation  of  826  W/m2 
and  module  temperature  of  31  °C.  The  maximum  power  at  this 
condition  was  10.23  W.  The  test  condition  for  four  mirrors  is  given 
by:  solar  radiation  of  926  W/m2  and  module  temperature  of  39  °C. 
The  maximum  power  at  this  condition  was  36  W.  The  measured/ 
calculated  values  of  Iso  V0c»  Pmax ,  Rs  and  rd  with  respect  to  solar 


Fig.  6.  Current-voltage  characteristics  of  LCPV  module  under  ATC. 


radiation  are  listed  in  Tables  1  and  2.  Generally,  the  output  current 
of  the  solar  PV  modules  increases  with  the  radiation  intensity. 
With  an  increase  in  the  solar  irradiance,  the  higher  number  of 
photons  strikes  the  solar  PV  module  which  results  in  enhanced 
electron-hole  pair  generation  and  consequently  higher  photocur¬ 
rent  [53]. 

Using  our  previous  work  [10,31,32],  the  dynamic  resistance  of 
LCPV  module  can  be  determined  for  a  given  photo-generated 
current-voltage  characteristic  curve.  The  values  of  the  dynamic 
resistance  at  MPP  are  computed  using  the  values  of  7SC  And  Rs.  The 
dynamic  resistance  of  LCPV  module  is  calculated  using  Eq.  (2)  and 
listed  in  Table  2.  Approximate  error  between  experimental  and 
theoretical  dynamic  resistance  of  the  LCPV  modules  is  found 
within  practically  acceptable  limits  (  «  0.6%-2.8%).  From  obtained 
theoretical  and  observed  experimental  data  as  listed  in  Table  2,  the 
series  resistance,  Rs  shows  a  decreasing  trend  continuously  with 
increase  in  the  CR,  which  corresponds  to  increase  in  the  intensity 
of  illumination.  Earlier  researchers  have  also  found  the  similar 
trend  of  variation  of  series  resistance  with  increase  in  incident 
radiation  [54,55  .  The  decrease  in  Rs  can  be  attributed  to  increased 
conductivity  of  active  layer  with  the  increase  in  intensity  of  light, 
which  further  affects  the  dynamic  resistance.  The  calculated  and 
experimental  values  of  dynamic  resistance  of  the  LCPV  module 
show  strong  dependence  on  CR.  The  decrease  in  the  dynamic 
resistance  with  increase  in  CR  is  attributed  to  the  decreased  Rs  as 
shown  by  Eq.  (2).  By  analysis  of  Eq.  (2)  it  can  be  concluded  that  the 
dynamic  resistance  of  LCPV  module  is  dependent  on  the  solar 
irradiance  and  solar  PV  module  temperature.  This  is  primarily 
caused  by  a  logarithmic  increase  in  V0c  And  a  linear  increase  in 
solar  PV  module  photocurrent  with  increasing  concentration.  The 
dynamic  resistance  increases  with  the  increase  in  temperature 
because  of  the  increase  in  the  series  resistance  [56-58  . 

The  current-voltage  characteristics  shown  in  Fig.  6  and  the 
data  listed  in  Table  2  show  the  irradiation  dependence  of  7so  Voc 
and  Pmax •  It  is  observed  that  the  output  power  of  LCPV  module 
increases  with  the  radiation  intensity.  Such  an  increase  in  output 
power  is  primarily  caused  by  an  increase  in  Voc  and  also  due  to  the 
linear  increase  in  7SC.  The  linear  boost  in  7SC  is  attributed  to  the 
increased  minority  carrier  concentration  due  to  increased  incident 
light  [53]  with  respect  to  the  increasing  number  of  mirrors.  The 
LCPV  module  exhibits  an  extremely  non-linear  current-voltage 
behavior  that  varies  continuously  with  change  in  solar  radiation 
and  module  temperature.  In  this  scenario,  it  is  very  important  to 
explore  the  reliability  of  the  LCPV  system  by  the  testing  and 


Table  1 

The  parameters  used  for  simulation  under  1  sun. 
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Table  2 

Static  and  dynamic  parameters  of  LCPV  system  under  varying  concentration. 

Number  of  mirrors 

Irradiance  (W/m2) 
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analyzing  the  real-time  data  in  outdoor  conditions  for  the  whole 
day.  A  series  of  experiments  are  conducted  to  examine  the 
dynamic  behavior  of  the  LCPV  module  by  considering  finite  series 
resistance  and  shunt  resistance  of  the  LCPV  module. 

4.3.  Effect  of  LCPV  module  temperature  on  static  and 
dynamic  parameters 

The  effects  of  the  cell  temperature  (Tc)  on  I-V  curve  of  LCPV 
module  is  estimated  from  the  proposed  model  as  described  in 
Section  2.  As  the  device  temperature  increases,  a  small  increase  in 
short-circuit  current  is  observed,  however  the  open-circuit  voltage 
rapidly  decreases  due  to  the  exponential  dependence  of  reverse 
saturation  current  on  the  temperature  as  given  by  Eq.  (9)  [53  .  The 
changes  in  performance  parameters,  Voc ,  FF,  rd  and  rj  with  change 
in  LCPV  module  temperature  are  listed  in  Table  3.  The  values  of 
dynamic  resistance  at  MPP  are  computed  using  the  values  of  Isc 
and  Rs.  The  dynamic  resistance  of  LCPV  module  is  calculated  using 
Eq.  (2).  Theoretical  estimation  shows  decrease  in  open  circuit 
voltage  (V0c)  with  the  increase  in  Tc  because  as  temperature 
increases  the  band  gap  of  the  intrinsic  semiconductor  shrinks. 
The  increased  temperature  causes  reduction  in  V0c  and  increase  in 
the  photocurrent  for  a  given  irradiance  because  of  high  injection  of 
electrons  from  valance  band  to  conduction  band  of  a  semiconduc¬ 
tor  material  [53  .  Similar  effect  of  temperature  on  Voc  is  observed 
under  actual  test  conditions  and  it  is  found  that  Voc  decreases 
from  21  to  20.6  V  with  temperature  coefficient  of  voltage 
«  -0.061  V/K  as  shown  in  Table  3.  From  the  observed  result  it  is 
concluded  that  FF  and  rj  of  LCPV  module  decreases  as  the  LCPV 
module  temperature  increases.  The  decrease  in  FF  and  efficiency  of 
solar  PV  module  with  module  temperature  is  strongly  dependent 
on  the  increase  in  series  resistance  of  LCPV  module.  As  a  result  of 
increased  temperature,  higher  series  resistance  offers  greater 
resistive  power  losses  equivalent  to  I2RS  in  LCPV  module  and  thus 
reduce  its  performance  by  reducing  the  FF  and  efficiency. 

4.4.  Validation  and  analysis  of  model  under  ATC  conditions 

The  solar  irradiance  was  recorded  by  the  weather  station  on 
the  test  day  as  shown  in  Fig.  7.  The  module  temperature  was 
recorded  using  a  digital  thermometer  during  experiments  and 
shown  in  Fig.  8.  The  peak  solar  intensity  was  observed  as  943  W/ 
m2  at  solar  noon.  On  the  experiment  day  the  average  wind  speed 
was  1.5  m/s  and  the  maximum  wind  speed  was  3  m/s.  The 
temperature  of  the  inlet  water  was  in  the  range  of  24-25  °C. 

The  temperature  of  LCPV  module  has  reached  maximum  at 
solar  noon  time  (during  12:30  to  13:30  h).  Module  temperature  is 
mainly  affected  by  ambient  temperature,  DNI  solar  radiation,  wind 
speed,  coolant  flow  rate.  During  the  morning  hours  the  LCPV 
module  temperature  increases  mainly  due  to  increase  in  the  solar 
radiation  received  by  the  parabolic  trough  collector  and  a  similar 
trend  is  followed  during  evening  hours  which  is  in  accordance 
with  the  variation  in  solar  radiation  as  shown  in  Fig.  7. 

The  hourly  output  power  trend  and  short-circuit  current  of 
LCPV  module  shown  in  Figs.  9  and  10  follows  the  hourly  solar 

Table  3 

Output  electrical  parameters  of  LCPV  system  under  varying  module  temperature. 
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radiation  shown  in  Fig.  7.  The  maximum  power  of  ~38.5W  is 
observed  during  12-13  h.  The  increase  in  power  output  of  LCPV 
module  is  mainly  dependent  upon  the  solar  irradiation,  module 
temperature,  wind  speed,  short-circuit  current  and  open-circuit 
voltage.  The  wind  velocity  variation  is  responsible  for  a  small 
disparity  of  +0.04  A  in  short-circuit  current  data  during  13-14  h. 
The  small  variation  in  short-circuit  current  is  extended  to  the 


Fig.  9.  Output  power  of  LCPV  system  with  respect  to  day  time. 
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Time  (Hours) 

Fig.  10.  Short-circuit  current  of  LCPV  system  with  respect  to  day  time. 


Fig.  11.  Hourly  variation  of  open-circuit  voltage  of  LCPV  module. 


output  power  fluctuation.  This  is  mainly  due  to  increased  LCPV 
module  temperature  because  of  the  influence  of  solar  radiation 
and  lowered  wind  speed  during  13-14  h.  The  increased  module 
temperature  causes  positive  change  in  current  and  negative 
change  in  voltage.  This  results  in  power  output  decline  from  38.5 
to  36.5  W  as  observed  in  Fig.  9.  It  is  observed  that  the  open-circuit 
voltage  and  efficiency  of  LCPV  module  follows  negative  trend  with 
respect  to  the  change  in  module  temperature  as  shown  in  Figs.  11 
and  12,  respectively.  The  maximum  open-circuit  voltage  of  21  V 
and  efficiency  of  ~15.4%  is  observed  in  morning  at  10  h,  which  is 
due  to  least  LCPV  module  temperature.  The  decrease  in  open- 
circuit  voltage  and  efficiency  of  LCPV  module  with  respect  to  time 
of  the  day  is  mainly  due  to  increase  in  module  temperature. 

The  dependence  of  dynamic  resistance  on  LCPV  module  tem¬ 
perature  is  estimated  using  reported  theoretical  model  in  Section 
2  at  a  constant  solar  radiation  of  943  W/m2  and  shown  in  Fig.  13. 
The  observed  variation  of  dynamic  resistance  is  attributed  to  the 
variation  in  LCPV  module  temperature  as  shown  in  Fig.  8.  The 
dynamic  resistance  increases  with  increasing  module  temperature 
due  to  increase  in  series  resistance  as  per  Eq.  (2).  Existing 
literature  also  reports  that  series  resistance  increases  with 
increase  in  module  temperature  [32,43  .  From  Eq.  (2)  it  is  evident 
that  dynamic  resistance  strongly  depends  on  series  resistance 
which  further  depends  on  temperature  at  a  given  solar  irradiation. 
This  temperature  dependence  study  indicates  that  the  dynamic 
resistance  has  a  positive  coefficient  of  module  temperature  i.e., 
drdldT  given  by  0.49  Q/ K.  The  estimated  dependence  of  dynamic 
resistance  on  positive  coefficient  of  temperature  can  play  critical 


Fig.  12.  Hourly  variation  of  efficiency  of  LCPV  module. 


Fig.  13.  Hourly  variation  of  dynamic  resistance  of  LCPV  module  with  respect  to  day 
time. 

role  in  designing  and  development  of  maximum  power  point 
tracking  (MPPT)  systems. 


5.  Performance  evaluation  of  1  kW  LCPV  system 

The  monthly  average  in-plane  solar  radiation  on  the  LCPV 
system  is  taken  from  weather  station  installed  in  University 
campus  for  the  period  of  January  to  December'2012  as  shown  in 
Fig.  14.  The  monthly  average  solar  radiation  varied  from  600  W/m2 
in  August  to  1100  W/m2  in  February.  The  number  of  rainy  days  and 
average  wind  speed  over  the  monitoring  period  is  shown  in 
Figs.  15  and  16,  respectively.  The  average  wind  speed  varied 
between  0.6  m/s  in  February  and  1.15  m/s  in  August.  The  average 
monthly  energy  generated  by  the  LCPV  plant  is  calculated  by  using 
the  Eqs.  (12)  and  (13).  Fig.  17  shows  that  the  monthly  total  energy 
generated  by  the  LCPV  system  varied  from  a  lower  value  of 
95  kW  h/kWp  in  the  month  of  August  to  a  maximum  value  of 
182  kW  h/kWp  in  the  month  of  March.  The  gross  electricity 
generation  per  year  would  be  1747  kW  h/l<Wp  with  a  monthly 
average  of  145  kW  h/kWp.  The  production  is  accentuated  when 
the  radiation  level  is  high  which  indicates  that  LCPV  system 
outperform  under  high  levels  of  insolation.  However  the  response 
to  diffuse  radiation  was  similar  and  low  level  of  solar  radiation 
produce  insignificant  difference  in  production.  Ambient  tempera¬ 
ture  is  another  parameter  which  influences  the  LCPV  energy 


820 


P.  Yadav  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  28  (2013)  812-823 


Month  of  the  Year  (2012) 

Fig.  14.  Average  monthly  solar  radiation  and  ambient  temperature  over  the 
monitored  period. 


20 


Month  of  the  year 


Fig.  15.  Number  of  rainy  days  over  the  monitored  period. 


1.4 


Month  of  the  year 

Fig.  16.  Variation  of  wind  speed  over  the  monitored  period. 


Month  of  the  year 

Fig.  17.  Monthly  total  energy  generated  over  the  monitored  period. 


production.  A  seasonal  classification  of  results  allows  us  to  relate 
the  effect  of  ambient  temperature  and  wind  speed  on  performance 
of  LCPV  system.  The  greatest  differences  in  energy  production  are 
observed  in  summers  when  the  hours  of  sunshine  are  higher 
whereas  in  the  colder  months  the  difference  in  energy  production 
is  insignificant. 

The  most  appropriate  performance  indicators  which  may  be 
used  to  define  overall  LCPV  system  performance  with  respect  to 
energy  production,  solar  resources  and  overall  effect  of  system 
losses  are:  final  yield,  reference  yield,  performance  ratio  (PR), 
system  loss  and  capture  loss.  The  final  yield  normalizes  the  energy 
produced  with  respect  to  system  size.  Consequently  it  is  a 
convenient  way  to  compare  the  LCPV  systems  with  different  sizes. 
It  is  expressed  in  hours/day.  The  reference  yield  represents  the 
number  of  peak  sun  hours.  It  is  a  function  of  location,  orientation 
and  inclination  of  LCPV  array.  The  final  yield,  reference  yield  and 
array  yield  is  calculated  using  Eqs.  (17)-(19).  The  summary  of  the 
normalized  performance  parameters  is  presented  in  Figs.  18-20. 
Fig.  18  indicates  that  the  monthly  final  yield  fluctuate  greatly  from 
a  minimum  value  of  1.5  h/day  in  August  to  a  peak  of  5.5  h/day  in 
March  with  an  average  of  3.76  h/d. 

The  most  useful  parameter  is  so  called  PR,  which  is  a  dimen¬ 
sionless  quantity  that  indicates  the  overall  effect  of  losses  (due  to 
converter  inefficiency,  cell  temperature,  losses  in  wiring,  protec¬ 
tion  diodes,  partial  shading  and  module  mismatch)  on  the  rated 
output.  The  PR  is  defined  as  the  ratio  of  DC  energy  delivered  to  the 
load  to  the  energy  production  of  an  ideal  lossless  LCPV  system 
with  25  °C  cell  temperature  at  1000  W/m2.  Performance  ratio 
value  is  important  for  identifying  the  occurrence  of  problems 
due  to  different  system  component  failure;  nevertheless  it  cannot 
identify  the  cause.  For  this  reason,  other  interesting  parameters 
associated  with  the  PR  can  be  used  to  distinguish  between  losses 
due  to  photovoltaic  generator  and  losses  associated  with  the  DC- 
DC  converters  such  as  capture  losses  and  system  losses.  Fig.  19 
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Month  of  the  year 

Fig.  18.  Monthly  average  daily  PV  system's  array  yield,  final  yield  and  reference 
yield. 


Fig.  19.  Monthly  average  PR  and  CF  of  LCPV  system. 
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represents  the  monthly  average  PR  and  capacity  factor  (CF).  The 
performance  ratio  of  the  LCPV  plant  ranges  from  0.51  to  1.02  for 
the  studied  LCPV  system.  The  observed  trend  of  PR  shown  in 
Fig.  19  follows  the  monthly  radiation  trend  as  shown  in  Fig.  14.  A 
non-linear  behavior  of  PR  is  observed  due  the  non-linear  current- 
voltage  characteristics  of  LCPV  modules  which  is  discussed  in 
Section  4. 

During  the  year  2012,  the  operation  of  LCPV  system  generates 
about  1747  kW  h.  The  normalized  parameters,  YF,  Ls  and  Lc  are 
shown  for  each  month  of  2012  in  Fig.  20.  The  system  losses  are  due 
to  the  losses  in  DC-DC  conversion.  The  capture  losses  are  due  to 
LCPV  array  losses.  The  annual  final  yield  is  74.7%,  capture  losses  are 
14.7%  and  system  losses  are  10.6%  of  the  total  energy  balance  of 
the  LCPV  power  plant.  In  March  2012,  the  energy  generation  was 
largest  (182  kWh),  the  final  yield  was  93.9%,  capture  losses  were 
1.7%  and  system  losses  were  4.4%.  But  in  August  2012,  the  energy 
harnessing  was  least  (95.7  kW  h),  the  final  yield  was  51.2%,  capture 
losses  were  6.7%  and  system  losses  were  42.1%.  The  LCPV  system 
has  low  capture  losses  as  compared  to  the  flat  panel  PV  systems. 
This  is  mainly  due  to  following  reasons: 

(a)  The  accumulation  of  thermal  energy  in  the  interior  of  flat 
photovoltaic  (PV)  modules  as  a  consequence  of  continuous 
solar  irradiation  causes  a  difference  between  the  junction 
temperature  of  the  PV  modules  and  the  ambient  temperature, 
which  leads  to  a  serious  deterioration  in  the  performance  of 
the  PV  modules  [45].  In  case  of  LCPV  systems  the  temperature 
difference  between  junction  and  ambient  remains  low  due  to 


Month  of  the  year 


Fig.  20.  Monthly  performance  of  LCPV  system. 


continuous  water  flow  at  the  backside  of  the  LCPV  modules 
which  leads  to  maximum  utilization  efficiency  of  LCPV  mod¬ 
ules.  This  low  temperature  difference  between  junction  and 
ambient  is  essentially  responsible  for  low  capture  losses  in 
LCPV  systems. 

(b)  The  second  major  factor  which  influences  the  capture  losses  is 
the  hindrance  in  receiving  sufficient  illumination  by  the  solar 
PV  modules.  This  is  mainly  due  to  shading,  inclination  angle 
and  the  change  in  sun  position  during  daytime  with  respect  to 
the  fixed  flat  PV  system.  This  problem  is  overcome  in  an  LCPV 
system  by  employing  a  low  cost  one-axis  tracking  system, 
which  results  in  an  increased  solar  energy  harvesting  (  «  25%). 
This  mechanism  further  reduces  capture  losses  in  an  LCPV 
system. 

The  overall  decrease  in  capture  losses  directly  influences  the 
final  yield  of  the  power  plant.  A  comparison  table  of  different 
existing  solar  PV  power  plants  from  different  locations  is  given  in 
Table  4.  This  comparison  shows  that  the  LCPV  power  plant  may 
result  in  better  final  yield  compared  with  flat  panel  PV  systems. 
This  type  of  system  is  more  suitable  for  hot  climatic  conditions 
where  it  gives  electrical  energy  (with  a  conversion  efficiency  of 
«  10%)  along  with  the  hot  water  for  various  applications  (with  a 
conversion  efficiency  of  «  20%). 


6.  Economical  analysis  of  LCPV  system 


An  established  method  based  on  net  present  value  (NPV),  that 
allows  analyzing  the  economic  aspects  of  any  engineering  system, 
is  used  for  the  economic  analysis  of  developed  LCPV  system  of 
1  kWP.  This  method  allows  accounting  for  the  present  value  of 
annual  capital  expenditures  and  savings  during  the  lifetime  of  the 
system.  Net  present  value  (NPV)  includes  sum  of  all  the  current 
values  (costs  are  shown  negative,  and  net  savings  are  shown  as 
positive).  The  feasibility  of  the  engineering  system  is  dependent  on 
the  NPV  value,  which  must  be  positive  for  acceptance  of  the 
project.  The  formulas  for  calculating  NPV  and  corresponding  factor 
are  given  as  [62]: 

NPV  =  2  (B-C\  (27) 

i=  1 


1 

a~oW 


(28) 


Table  4 

Performance  parameter  comparison  for  various  PV  systems. 


Location 

PV  type 

Final  yield  (h/d) 

Module  efficiency  (%) 

System  efficiency  (%) 

Performance  ratio  (%) 

Reference 

Malaga,  Spain 

Poly-Si 

3.7 

10.3 

8.0 

64.5 

[59] 

Jaen,  Spain 

Poly-Si 

2.4 

8.9 

7.8 

62.7 

[60] 

Ballymena,  Ireland 

Mono-Si 

1.7 

10.0 

9.0 

62.0 

[48] 

Castile  &  Leon,  Spain 

Mono-Si 

1.4-4.8 

13.7 

12.2 

69.8 

[61] 

Gandhinagar,  India 

Mono-Si 

1.5-5.5 

15.5 

10.0 

72.0 

Present  study 

Table  5 

Cost  of  various  components  of  LCPV  system  (  ^  1  1<WP)  to  find  initial  investment  cost  (numbers  provided  here  are  in  accordance  with  the  current  market  price)  . 


Components  Module 

BOS 

Battery 

Charge  controller 

Support  structure 

Tracker 

Cabling 

Cost  (in  US$)  206 

800 

48 

320 

590 

120 

Total  initial  investment  cost  (in  US$) 

2084 

a  The  price  is  based  on  market  survey,  which  may  vary  depending  on  specific  location  or  company. 
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Table  6 

Economical  analysis  of  LCPV  system. 


Period  (year) 

0 

1 

2 

3 

4 

5 

6 

7 

8 

Initial  investment  cost 

-2084 

Benefits** 

290.43 

290.43 

290.43 

290.43 

290.43 

290.43 

290.43 

290.43 

O  &  M  cost*** 

-2.18 

-2.30 

-2.43 

-2.57 

-2.72 

-2.88 

-3.04 

-3.21 

Discount  rate 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

0.01 

Net  cash  flow 

288.25 

288.13 

287.995 

287.86 

287.71 

287.55 

287.39 

287.21 

a 

0.99 

0.99 

0.98 

0.97 

0.96 

0.95 

0.94 

0.93 

0.92 

Discounted  net  cash  flow 

285.39 

282.45 

279.53 

276.62 

273.74 

270.89 

268.05 

265.24 

NPV 

-1798.6 

-1516.2 

-1236.6 

-960 

-686.26 

-415.37 

- 147.32 

117.92 

**  Benefits  are  based  on  the  tariff  policy  of  Gujarat  Electricity  Regulatory  Commission  released  for  projects  commissioned  in  2012  [63]. 
***  Escalation  in  operating  cost  is  taken  as  5.72%  annually  [63]. 


where  “a”  represents  net  present  value  factor,  “B”  represents  gain, 
“p”  represents  the  period  and  “i”  represents  discount  rate  in  the 
equation  given  above. 

In  order  to  calculate  NPV,  it  is  important  to  find  initial  investment 
cost  which  includes  module  cost  and  balance  of  systems  (BOS)  cost. 
The  components  of  BOS  include  battery  storage,  charge  controllers, 
support  structure,  tracking  system  and  transmission  cables.  Cost  of  all 
these  components  is  listed  in  Table  5.  Using  the  initial  investment  cost 
and  the  formula  outlined  in  Eqs.  (27)  and  (28),  the  NPV  is  calculated 
(Table  6).  Operation  and  maintenance  (O  &  M)  cost  is  taken  as  0.75%  of 
the  total  investment  cost  with  escalation  in  operating  cost  as  5.72%  per 
annum  [63].  The  feasibility  of  this  project  is  demonstrated  by  a 
positive  value  of  NPV  obtained  within  8  years. 


7.  Conclusions 

In  this  study  real-time  performance  analysis  of  commercially 
available  crystalline  silicon  solar  cell  based  LCPV  system  is  presented. 
The  experiments  based  on  LCPV  system  were  performed  to  investigate 
the  feasibility  of  LCPV  power  plants.  Under  ATC,  the  open-circuit 
voltage,  Voc  found  decreasing  with  temperature  coefficient  of  voltage 
«  -  0.061  V/K.  The  dynamic  resistance  has  a  positive  coefficient  of 
module  temperature  i.e.,  drd/dT  given  by  0.49  Q/ K.  The  study  reveals 
that  the  LCPV  power  plant  has  low  capture  losses  compared  to  flat 
panel  PV  plant.  The  LCPV  power  plant  has  produced  a  better  final  yield 
compared  with  flat  panel  PV  systems.  This  type  of  system  is  more 
suitable  for  hot  climatic  conditions  where  it  gives  electrical  energy 
(with  a  conversion  efficiency  of  «  10%)  along  with  the  hot  water  for 
various  applications. 
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